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The nuclear symmetry energy around or below saturation density has been extensively studied and
roughly pinned down, while its behavior at suprasaturation densities is rather uncertain. Related
experimental studies are being carried out or planned at facilities that offer radioactive beams
worldwide. Towards the physical goal of probing the nuclear symmetry energy at high densities, pi
measurements in the medium nuclei 132Sn+124Sn collisions at 300 or 200 MeV/nucleon incident beam
energies are ongoing at Radioactive Isotope Beam Facility (RIBF) at RIKEN in Japan. However,
our studies show that the observable pi−/pi+ ratio in the 132Sn+124Sn reactions at 300 or 200
MeV/nucleon incident beam energies mainly probes the symmetry energy around the saturation
density. Only the pi−/pi+ ratio in the heavy reaction system and at relatively high incident beam
energies may mainly probe the symmetry energy at suprasaturation densities.
I. INTRODUCTION
The nuclear symmetry energy, i.e., the single nucleon
energy changes as one replaces protons in nuclear mat-
ter with neutrons [1], has been extensively studied in nu-
clear physics community [2–4] simply because in a density
range of 0.1 ∼ 10 times nuclear saturation density, the
symmetry energy determines the birth of neutron stars
and supernova neutrinos [5], a range of neutron star prop-
erties such as the cooling rates, the thickness of the crust,
the mass-radius relationship, and the moment of inertia
[6–9]. The nuclear symmetry energy also plays crucial
roles in the evolution of the core-collapse supernova [10]
and the astrophysical r-process nucleosynthesis [11].
To constrain the symmetry energy in a broad density
region, besides the studies in astrophysics [12–15], many
terrestrial experiments are being carried out or planned
using a wide variety of advanced new facilities, such as
the Facility for Rare Isotope Beams (FRIB) in the US
[16], the Facility for Antiproton and Ion Research (FAIR)
at GSI in Germany [17], the Radioactive Isotope Beam
Facility (RIBF) at RIKEN in Japan [18, 19], the Cooling
Storage Ring on the Heavy Ion Research Facility at IMP
(HIRFL-CSR) in China [20], the Korea Rare Isotope Ac-
celerator (KoRIA) in Korea [21], etc.
With great efforts, the nuclear symmetry energy and
its slope around saturation density of nuclear matter have
been roughly pinned down [22, 23]. Owing to complex-
ity of the nuclear force, the density-dependent symmetry
energy by the power-law fit at lower density and higher
density may require different exponents [24], the sym-
metry energy at high densities is thus still very contro-
versial [25, 26]. Nowadays, many sensitive observables
∗Electronic address: yonggaochan@impcas.ac.cn
have been identified as promising probes of the symme-
try energy, such as the π−/π+ ratio [27–34], energetic
photon as well as η [35, 36], the neutron to proton ra-
tio n/p [37–39], t/3He [40, 41], the isospin fractiona-
tion [38, 42–44], the isospin diffusion [45, 46] and the
neutron-proton differential flow [47, 48], etc. In heavy-
ion collisions at high incident beam energies the mean
field effects may be not obvious as the temperature of
the system increases [49, 50]. To probe the symmetry
energy at high densities (via nucleus-nucleus collisions
at high energies), the π−/π+ ratio has been proposed
[27, 34, 51–53]. Aiming at probing the symmetry energy
at high densities by the π−/π+ ratio, Sn+Sn reactions at
300 or 200 MeV/nucleon experiments are being carried
out at RIKEN in Japan [18, 19, 54].
Does the π−/π+ ratio in heavy-ion collisions at inter-
mediate energies always probe the high-density symme-
try energy? And in what conditions (reaction system
and beam energy) does the π−/π+ ratio probe the sym-
metry energy at low or high densities? In this study,
we try to determine the density region of the sym-
metry energy probed by the π−/π+ ratio in medium
and heavy reaction systems. Our study shows that the
π−/π+ ratio in the medium nucleus-nucleus collisions be-
low 400 MeV/nucleon incident beam energies generally
probes the symmetry energy around the saturation den-
sity. Only in the heavy reaction system and with rela-
tively high incident beam energies, the π−/π+ ratio may
be used to probe the symmetry energy at suprasaturation
densities.
II. THE METHODOLOGY AND RESULTS
In this study, pion production in our used transport
model is the same as that shown in Ref. [55] but without
medium corrections of both elastic and inelastic baryon-
baryon scattering cross sections. We use the Skyrme-type
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FIG. 1: (Color online) Relative sensitivity of the symmetry
energy sensitive observable pi−/pi+ ratio as a function of ki-
netic energy (in center of mass frame) in the 132Sn+124Sn
reaction at the incident beam energy 300 MeV/nucleon, see
text for details.
parametrization for the isoscalar mean field [56–58], i.e.,
U(ρ) = −0.232(ρ/ρ0) + 0.179(ρ/ρ0)
1.3. We did not use
the Gogny-inspired parameterization for the single par-
ticle potential owing to our limited computational power
(as we discussed later, this choice would not affect our
physical results here). For the purpose of determining in
which density region the observables are sensitive to the
symmetry energy, a specific density-dependent symmetry
energy form Esym = 32(ρ/ρ0)
γ is used [59]. Pion pro-
duction in heavy-ion collisions at intermediate energies
mainly connects with the four channels, i.e., NN ⇀↽ N∆
and πN ⇀↽ ∆. Although pions are mainly produced at
higher densities in heavy-ion collisions, they may suffer
from rescatterings and absorption by surrounding nucle-
ons at high and low densities. Therefore, pions produced
in heavy-ion collisions at intermediate energies may be
not a good messenger of the high-density symmetry en-
ergy of nuclear matter.
One may argue that the energetic pions produced in
heavy-ion collisions at intermediate energies should carry
the information of high density nuclear matter. However,
the energetic particles produced in heavy-ion collisions
are in fact pushed by the gradient force of the mean-
field potential. The gradient force is strong mainly at
the border of the density region while not always in the
core of the density region. From this point, energetic
particles may not always carry the information of dense
matter at maximum density. Therefore one should make
study to determine the density region of the symmetry
energy probed by the π−/π+ ratio.
In order to know in which density region the π−/π+
ratio shows maximum sensitivity to the symmetry en-
ergy, one way is similar to the studies in Refs. [60, 61],
i.e., in the whole density region (0 < ρ < ρmax) one
chooses a specific form of the density-dependent sym-
metry energy as the standard calculation. To get the
relative sensitivity of an observable in different density
regions, one changes the density-dependent symmetry en-
ergy in different density regions, respectively. Since the
value of the symmetry potential is in fact very small com-
pared with the nucleon isoscalar potential, this operation
would not cause a “sudden jump” of the motion of nu-
cleons in these regions. Figure 1(a) shows the relative
sensitivity of the symmetry energy sensitive observable
π−/π+ ratio in different density regions. Since almost
all the isospin-dependent transport models show that the
kinetic energy distribution of the π−/π+ ratio is more or
less affected by the symmetry energy, we in this study
mainly show the density region of the symmetry energy
probed by the kinetic energy distribution of the π−/π+
ratio. We use the symmetry energy parameter γ = 2
in the density-dependent symmetry energy form Esym =
32(ρ/ρ0)
γ (Esym is the total symmetry energy, including
the kinetic part and the potential part) as the standard
calculation and respectively change the parameter γ from
2 to 0.5 in different density regions to obtain a series of
π−/π+ ratios. The choices of the symmetry energy pa-
rameters γ = 2 and 0.5 are just for convenience of the
research. It is seen that below 0.5ρ0 or above 1.5ρ0, ef-
fects of the symmetry energy on the π−/π+ ratio are in
fact negligible. The effects of the symmetry energy in
density regions of 0.5ρ0-ρ0 and ρ0-1.5ρ0 are both obvious
and roughly equal. And the corresponding values of the
π−/π+ ratio are both higher than the standard calcula-
tion with γ = 2. This is understandable since the respec-
tive changes of γ from 2 to 0.5 in the two density regions
in fact soften the total density-dependent symmetry en-
ergy. The soften symmetry energy causes a high value of
the π−/π+ ratio [31]. The roughly equal effects of the
symmetry energy in the two density regions of 0.5ρ0-ρ0
and ρ0-1.5ρ0 reveal that, the symmetry energy sensitive
observable π−/π+ ratio in 132Sn+124Sn reaction at 300
MeV/nucleon in fact just probes the density-dependent
symmetry energy around saturation density ρ0.
To confirm the above physical results, the other
method to demonstrate the same question is adding the
symmetry energy from zero to maximum density step
by step. For each case, because the symmetry energy
changes smoothly as the density increases, this method
seems more acceptable to someone. Figure 1(b) shows
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FIG. 2: (Color online) Pion freeze-out local baryon density
as well as central maximum baryon density as a function of
time in the 132Sn+124Sn reaction at 300 MeV/nucleon with
an impact parameter b= 3 fm. For the 208Pb+208Pb reaction
at 600 MeV/nucleon (shown in the right panel (b)), an impact
parameter b= 0 fm is used.
the relative sensitivity of the π−/π+ ratio in different
density regions by adding the symmetry energy Esym
= 32(ρ/ρ0)
γ=2 from zero to maximum density step by
step. As expected, the value of the π−/π+ ratio almost
does not change when adding the symmetry energy in the
density regions 0-0.5ρ0 or 1.5ρ0-2ρ0. While in the den-
sity regions of 0.5ρ0-ρ0 and ρ0-1.5ρ0, the effects of the
symmetry energy are both obvious. And the effects of
the symmetry energy below saturation density are com-
parable to that above saturation density. The nuclear
symmetry potential repels neutrons and attracts protons
and causes neutron-deficient matter in heavy-ion colli-
sions, which corresponds a low value of the π−/π+ ratio.
We thus see the value of the π−/π+ ratio generally de-
creases as the symmetry energy is added step by step.
Further studies show that, in the 132Sn+124Sn reac-
tion the π−/π+ ratio mainly probes the high-density
symmetry energy only when the incident beam energies
are larger than 400 MeV/nucleon. And the effects of
the symmetry energy on the π−/π+ ratio gradually de-
crease as the incident beam energies increase. The im-
pact parameter and kinematic cuts of pion emission in
the 132Sn+124Sn reactions do not evidently affect the de-
termination of the density region of the symmetry energy
by the π−/π+ ratio.
To see why the π−/π+ ratio in the 132Sn+124Sn reac-
tion at incident beam energy 300 MeV/nucleon does not
probe the symmetry energy at high densities, we plot
Figure 2, pion freeze-out local baryon density as a func-
tion of time. From Figure 2(a), it is seen that, for the
132Sn+124Sn reaction at 300 MeV/nucleon, pion freeze-
out average local baryon density (the local density where
pion does not re-scatter with other particles) is below
40 80 120 160 200
1
2
4
8
 0-3
0
 w/o Esym
 0-3
0
, = 2
 0-1.5
0
, = 2
 0-1
0
, = 2
 0-0.5
0
, = 2  
 
- /
+
Ekin (MeV)
208Pb+208Pb, b= 0 fm, Ebeam= 600 MeV/nucleon
Esym= 32( /
0
)
FIG. 3: (Color online) Relative sensitivity of the symmetry
energy sensitive observable pi−/pi+ ratio as a function of ki-
netic energy (in center of mass frame) in the 208Pb+208Pb
reaction at the incident beam energy 600 MeV/nucleon, see
text for details.
1.25ρ0 although the maximum baryon density can reach
about 2ρ0. It means that less pions directly escape the
dense matter with density above 1.25ρ0 due to the re-
scatterings with other nucleons. It also means that below
1.25ρ0, produced pions in nuclear matter can easily es-
cape the matter. So it is not hard to understand why the
π−/π+ ratio in the 132Sn+124Sn reaction at the incident
beam energy 300 MeV/nucleon does not probe the nu-
clear symmetry energy around twice saturation density.
To probe the high-density symmetry energy by the
π−/π+ ratio, it seems that one has to use heavier reaction
system and with relatively high incident beam energies.
Figure 2(b) shows the pion freeze-out local baryon den-
sity as a function of time in the 208Pb+208Pb reaction
at 600 MeV/nucleon. Compared with the light reaction
system 132Sn+124Sn at 300 MeV/nucleon, the maximum
pion freeze-out local baryon density in the 208Pb+208Pb
reaction at 600 MeV/nucleon is above 2ρ0, which is much
larger than that of the light system. This means that be-
low 2ρ0, pions can easily escape the matter. The π
−/π+
ratio in the heavy reaction system at high beam energies
is thus expected to probe the nuclear symmetry energy
at high densities.
Figure 3 shows the relative sensitivity of the π−/π+
ratio to the density-dependent symmetry energy in the
208Pb+208Pb reaction at the incident beam energy 600
MeV/nucleon. It is seen that even for the 208Pb+208Pb
system, the effect of the symmetry energy in density re-
gion between 0.5-1.0ρ0 is sizable, which is about half
of that between 1.0-1.5ρ0. Thus even for the heavy
system at 600 MeV/nucleon the effects of the symme-
try energy at sub-saturation densities play a role. Fig-
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FIG. 4: (Color online) Comparison of the relative sensitivity
of the symmetry energy sensitive observable (pi−/pi+)like ratio
as a function of time in the 132Sn+124Sn at 300 MeV/nucleon
with an impact parameter b= 3 fm and the 208Pb+208Pb at
600 MeV/nucleon with an impact parameter b= 0 fm.
ure 3 clearly shows that the effects of the symmetry en-
ergy at suprasaturation densities are much larger than
that below saturation density. Above 1.5ρ0, the sym-
metry energy still has some effects on the π−/π+ ra-
tio. We also simulated the 208Pb+208Pb reaction at 300
MeV/nucleon, and find that the π−/π+ ratio mainly
probes the symmetry energy around saturation density.
Therefore, to probe the symmetry energy at suprasatu-
ration densities, it seems that one should carry out heavy
reaction system experiments and with relatively high in-
cident beam energies.
It is instructive to show time evolution of the total
(π−/π+)like ratio [31] in light and heavy reaction sys-
tems, respectively. Taking into account the dynamics of
resonance production and decays,
(π−/π+)like ≡
π− +∆− + 1
3
∆0
π+ +∆++ + 1
3
∆+
.
This ratio naturally becomes the final π−/π+ ratio af-
ter all resonances have decayed. From Figure 4(a), one
sees that the higher values of the π−/π+ ratio than the
(N/Z)2 of the reaction system (N,Z being the neutron
number and proton number of the reaction system) in-
dicate that the ∆1232 isobar model [62] does not always
work well [63, 64]. It is also seen that, in the 132Sn+124Sn
reaction at 300 MeV/nucleon, the effects of the symme-
try energy in the density region 0-0.5ρ0 are larger than
that in the density region 1.5ρ0-2ρ0. The effects of the
symmetry energy below saturation density are compara-
ble to that above saturation density. However, the sit-
uation is changed when one moves to Figure 4(b), evo-
lution of the π−/π+ ratio in the 208Pb+208Pb reaction
at 600 MeV/nucleon. From Figure 4(b), it is seen that,
the effects of the symmetry energy in the density region
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FIG. 5: (Color online) Density-dependent symmetry energies
with different slopes and curvatures. The symbols are derived
from the momentum-dependent single particle potential used
in Ref. [81].
0-0.5ρ0 are obviously smaller than that in the density re-
gion 1.5ρ0-3ρ0. The effects of the symmetry energy below
saturation density are also obviously smaller than that
above saturation density. Figure 4 clearly shows that,
to use the π−/π+ ratio as the probe of the high-density
symmetry energy, using heavy system and at relatively
higher incident beam energies is a preferable way.
It is worth mentioning that, although the more com-
plicated transport model simulation integrally shifts the
value of the π−/π+ ratio [65], the determination of the
density region of the symmetry energy probed by the
π−/π+ ratio should be roughly the same. This is be-
cause the maximum pion freeze-out local baryon densi-
ties calculated by the complicated transport model [65]
are about 1.05ρ0 for the
132Sn+124Sn reaction at 300
MeV/nucleon and 1.95ρ0 for the
208Pb+208Pb at 600
MeV/nucleon, which are both roughly equal to that
shown in Figure 2.
Similarly, we can also study the density region of the
symmetry energy probed by the π−/π+ ratio through the
Taylor expanded symmetry energy method [81],
Esym(ρ) = Esym(ρ0)+L
(
ρ− ρ0
3ρ0
)
+
Ksym
2
(
ρ− ρ0
3ρ0
)2
.
From this expression, it is seen that the slope L is rele-
vant to the symmetry energy around saturation density,
but the curvature Ksym is more related to the symmetry
energy far from saturation point. Whether an observable
probes the high-density symmetry energy or not, the sim-
ple way is to see if that observable is evidently affected by
the Ksym. If the effects of the Ksym on the observable
is larger than that of the slope L, then the observable
can be a potential probe of the high-density symmetry
energy.
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FIG. 6: (Color online) Effects of the slope and curva-
ture of the symmetry energy at saturation density on the
(pi−/pi+)like ratio as a function of time in the
132Sn+124Sn
at 270 MeV/nucleon with an impact parameter b= 2 fm.
Figure 5 shows, respectively, the density dependent
symmetry energies with the slope L = 40 MeV, curva-
tures Ksym = 0 and -400 MeV and the case L = 80
MeV, Ksym = 0 MeV. It is seen that the relative mag-
nitudes of slopes of the symmetry energy are different
with density. To see specifically how the slope L and
curvature Ksym of the symmetry energy at saturation
affect the π−/π+ ratio, we plot Figure 6, effects of the
slope and curvature of the symmetry energy at satura-
tion on the (π−/π+)like ratio in the
132Sn+124Sn at 270
MeV/nucleon. It demonstrates that the effect of slope L
(changing from 40 to 80 MeV) on the (π−/π+)like ratio
is about 3 times larger than the curvature Ksym (chang-
ing from 0 to -400 MeV). Compared with the soft sym-
metry energy labeled by L = 40 MeV and Ksym = 0
MeV, the stiff symmetry energy labeled by L = 80 MeV
andKsym = 0 MeV corresponds neutron-deficient matter
thus causes a low value of the π−/π+ ratio [31]. For the
symmetry energy labeled by L = 40 MeV and Ksym = 0
MeV, when changing the curvature Ksym from 0 to -
400 MeV, the somewhat low value of the π−/π+ ratio
is obtained as shown in Figure 6. If the change of the
curvature Ksym from 0 to -400 MeV stiffens the symme-
try energy, the observable π−/π+ ratio to some extent
probes the symmetry energy somewhat below the satu-
ration point. This result is consistent with that shown in
Figure 4 for the 132Sn+124Sn prediction.
III. CONCLUSIONS AND DISCUSSIONS
In summary, to probe the high-density behavior of the
symmetry energy, frequently used observable π−/π+ ra-
tio is not always suitable. Below 400 MeV/nucleon inci-
dent beam energies, for light or medium nucleus-nucleus
reaction systems, the π−/π+ ratio mainly probes the
symmetry energy around saturation density. For the
132Sn+124Sn reactions at 300 or 200 MeV/nucleon, which
are being carried out at RIKEN/Japan, the produced
π−/π+ ratio merely probe the density-dependent sym-
metry energy around saturation density. To probe the
high-density symmetry energy by the π−/π+ ratio, a
heavy reaction system at relatively high beam energies
is preferable.
While nowadays several ingredients on the pion pro-
duction in transport model, such as in medium thresholds
[66, 67], the short range correlations of nucleons, espe-
cially the high-momentum tail of nucleon momentum dis-
tribution in nuclei [68–71], pion potential and s/p-wave
effects [34, 51, 72, 73], scattering and re-absorption [74–
77], etc. are not fully under control. Since we just study
the relative sensitivity of the π−/π+ ratio to the density-
dependent symmetry energy, all the above factors may
not affect the physical results much. However, to explore
the specific density region that the symmetry energy sen-
sitive observable probes, some other methods [78] are also
needed to better confirm the high-density behavior of the
symmetry energy. In fact, in case the slope and curvature
parameters of the symmetry energy around saturation
density are constrained by pion or nucleon observables
in the 132Sn+124Sn collisions at 300 or 200 MeV/nucleon
incident beam energies, the high-density behavior of the
symmetry energy may be deduced [79, 80].
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